An increase in parasympathetic tone may be the main cause of some transient or permanent atrioventricular block cases. Some of these patients, defined as vagally mediated functional atrioventricular block, may be severely symptomatic and refractory to conventional therapies and may necessitate cardiac pacing. Cardioneuroablation is a relatively new strategy for management of patients with excessive vagal activation based on radiofrequency catheter ablation of main ganglionated plexi around the heart. Present review was dedicated to discuss potential usage of cardioneuroablation in patients with vagally mediated functional atrioventricular block.
Introduction
Syncope due to atrioventricular block (AVB) accounts for more than half of arrhythmic syncope. 1 Paroxysmal AVB is a relatively little known type of AVB and may cause syncope because of a sudden change from apparently physiological atrioventricular conduction to transient second-or thirddegree AVB, which leads to ventricular asystole. Despite this theoretical knowledge, determination of the underlying mechanism of AVB is usually difficult. 2 Vagally mediated functional AVB is a condition in which a paroxysmal AVB occurs with a slowing of sinus rate and named as functional because there is no intrinsic abnormality in the atrioventricular conduction system. 3 Although the great majority of patients may be followed without any special treatment, cardiac pacing may be necessary in patients with severe forms such as very frequent syncope altering quality of life, recurrent syncope without prodromal symptoms which exposes the patient to a risk of trauma, and syncope occurs during a high-risk activity. Furthermore, there is no a rationale recommendation for cardiac pacing due to the lack of sufficient evidence from studies. 1 As a new treatment strategy, radiofrequency catheter ablation ablation (RFCA) of ganglionated plexi (GPs) located close to sinus and atrioventricular nodes was reported to abolish the vagal efferent output during vasovagal syncope, functional AVB, and sinus node dysfunction in some observational studies and case reports. [4] [5] [6] [7] The technique was named as cardioneuroablation (CNA) by operators who made the first application. 4 This review aimed to discuss potential role of CNA as a new strategy to treat vagally mediated functional AVB.
Vagally mediated functional atrioventricular block as a clinical entity
Vagally mediated functional AVB is one of the paroxysmal AVB types which is characterized by a sudden change from apparently physiological atrioventricular conduction to transient second-or third-degree heart block due to parasympathetic influence on cardiac conduction. The other types of paroxysmal AVB are intrinsic paroxysmal AVB which is due to an intrinsic disease of the atrioventricular conduction system and extrinsic idiopathic paroxysmal AVB which is associated with low values of endogenous adenosine. 8 Real incidence of vagally mediated functional AVB is not well defined. In the previous studies, epidemiology of paroxysmal AVB was researched on the basis of syncope coexistence. Zyśko et al. 9 studied ECG characteristics of AVB induced by neurocardiogenic reflex provoked by tilt testing. Of 786 patients who underwent tilt testing, 31 (3.9%), developed AVB, mean age 45 ± 20 years. In another study, AVB was seen in 3.4% of patients with a neurally mediated response to tilt testing, mean age 21 ± 12 years. 10 A female predominance (74% and 100%, respectively) was detected in both studies. 9, 10 Considering that up to 40% of the general population has experienced at least one episode of syncope in their lifetime and about 20% of all syncopes are reflex syncope, it may be speculated that vagally mediated functional AVB is not an uncommon but is an under-diagnosed clinical entity. 1, 11 Intrinsic and extrinsic idiopathic forms are usually characterized by recurrent syncope episodes with a duration of prodromal symptoms of ⩽5 s. 12, 13 However, vagally mediated form is associated with well characterized prodromal symptoms such as nausea, feeling warm, a coldclammy sweat, blurred vision, or lightheadedness prior to syncope which last longer than 5 s. 12, 14 In reflex syncope, a potential trigger such as emotional stress, painful stimuli, or standing for long periods can be identified in the great majority of cases.
To differentiate vagally mediated form, the ECG characteristics of AVB before, during, and after the episode should be carefully examined on continuous Holter tracings. 8 In vagally mediated type, AVB is usually preceded by sinus node slowing, and sinus rhythm during AVB is slow and instable. 9 A progressive PR prolongation before AVB may be noticeable. Mobitz type I, 2:1 second-degree AVB, advanced second-degree AVB, and third-degree AVB can be recognized during episode. However, PR remains unchanged and sinus rate increases or does not change in most cases with other types of paroxysmal AVB. Symptom-rhythm correlation cannot be established by Holter in some cases. A negative Holter cannot rule out the presence of paroxysmal AVB in patients demonstrating symptoms compatible symptoms; further investigations, that is, implantable loop recorder, may be warranted to establish a symptom-rhythm correlation. However, this strategy necessitates the implantation of a diagnostic device and waiting until a new episode occurs. As an alternative strategy, ECG characteristics of AVB provoked by tilt table testing seem to be sufficiently sensitive to identify patients with functional AVB in the presence of characteristic triggering factors and prodromal symptoms. However, the technique had some limitations such that different responses to the test may be seen within the same patients and the optimal protocol is still unknown. 9 To exclude the diagnosis of intrinsic AVB and extrinsic idiopathic AVB, electrophysiological study and adenosine test may be used, respectively.
Treatment options in patients with paroxysmal atrioventricular block
Irrespective of paroxysmal or persistent nature of block, cardiac pacing is optimal treatment strategy in patients with intrinsic AVB (11). Aste et al. 15 studied the efficacy of pacing in preventing syncope recurrences in a population suffering from syncope due to severe AVB. At long term, recurrence rate was only 1% in patients with documented AVB plus syncope, whereas it was 14% in patients with undocumented AVB plus syncope after permanent pacemaker implantation.
There is no clinical study investigating the potential role of cardiac pacing in patients with extrinsic idiopathic AVB. In a recently published study assessing the mechanism of syncope, 58 patients presenting with unexplained syncope, no prodromal episodes, and a normal heart received an implantable loop recorder and were followed up until a diagnosis was established. 16 Their outcomes were compared with those of 389 patients affected by reflex syncope with prodromal episodes who received an implantable loop recorder. A 17% and a 13% of cases underwent cardiac pacing implantation and oral theophylline treatment, respectively. During subsequent 17 ± 12 months of follow-up, syncope recurred in one patient on theophylline and presyncope occurred in one patient with pacemaker.
Considering the fact that extrinsic idiopathic AVB is associated with low values of endogenous adenosine, the effect of treatment with theophylline, a non-selective adenosine receptor antagonist, in the prevention of syncope recurrences has been investigated. It saturates adenosine receptors which are known to be located in the atrioventricular node and, to a lesser extent, in the sinus node, and therefore prevents their activation which may cause syncope as a result of prolonged asystolic pauses due to AVB or sinus arrest. In a well-selected case series, theophylline was found to be effective in five of six patients. 17 There is no clinical study specifically investigating the effect of permanent pacemaker in patients with functional AVB. Furthermore, Mobitz type I and type II second-degree AVB, and third-degree AVB were exclusion criteria in SUP2, ISSUE 2 and 3 studies. [18] [19] [20] However, it should be kept in mind that excessive vagal tone may be the only underlying cause not only in intermittent but also in some permanent AVB cases. 6, 21 Atropine usage to differentiate the type of atrioventricular block Atropine sulfate as a vagolytic is a competitive antagonist of actions of acetylcholine and other muscarinic agonists that accelerates both sinus node and atrial myocyte automaticity and increases the speed of atrioventricular conduction. According to Advanced Cardiac Life Support guidelines of the American Heart Association, if bradycardia produces signs and symptoms of instability, atropine is suggested as an initial treatment. 22 Although atropine is usually ineffective in patients with primary conduction system disease, it is an effective treatment strategy in patients experiencing AVB due to heightened parasympathetic tone. [23] [24] [25] [26] Although effects of atropine on the cardiac rhythm have been known since 1912, there is scarce data for following items: (1) possible role of atropine response to reveal the etiology of AVB; (2) potential importance of the extent of response to atropine administration; (3) the dosage of atropine required to achieve required response. To demonstrate the functional nature of transient or permanent AVB and to select suitable candidates for CNA, atropine response was successfully used by different groups. 4, 6, 21 In our study protocol, the dosing for atropine was 0.04 mg/k was used. The dosage was not indicated in other studies. However, according to the latest guideline, atropine should be used in bradycardia with 1 mg initial dose and repeated until desired heart rate is obtained in every 3 to 5 min with a maximum dosage of up to 3 mg. 6, 22 The next uncertainty is related to potential importance of the extent of response to atropine administration. Contrary to the general opinion, AVB does not need to be intermittent to be functional nature. In a recently published study, we used atropine to define functional nature of AVB in three persistent AVB cases. In two of cases, 2:1 AVB completely resolved after atropine administration whereas the response was partial with first-degree AVB in other case. 6 Therefore, we can speculate that resolution of AVB with atropine may be accepted as good indicator to exclude functional AVB from intrinsic AVB whether it is intermittent or persistent.
Cardioneuroablation as an alternative strategy
Showing the increase in heart rate following different RFCA procedures caused the idea that elimination of parasympathetic innervation might be achieved by endocardial RFCA of GPs and may be used in the treatment of conditions associated with excessive vagal activation. 27, 28 Taking into account the results of animal studies and human autopsy specimens that the postganglionic parasympathetic cells are located either in the atrial wall or in the distinct GP sites close to the pericardium and great vessels, it might be presumed that properly selected methods may identify the parts of the atrial wall encompassing autonomic GP clusters. [29] [30] [31] [32] However, the main challenge is clear demonstration of those GP localizations during an electrophysiological study. Four strategies have been used to map GPs and identify the ablation targets: atrial electrogram characteristics, high-frequency stimulation, purely anatomical localization, and different combinations of these strategies. 33 In the first human experience, Pachon et al. 4 used FastFourier Transformation analysis to differentiate GP sites that demonstrate fragmented and heterogeneous potentials than normal atrial myocardium differentiating with homogeneous and fast conduction pattern. In the second technique, the response of high-frequency stimulation is used for differentiation. 33 While a vagal response, which is defined as a significant prolongation of the PR or RR intervals, demonstrates GP sites, the absence of any effect or non-significant changes on the PR or RR intervals is accepted as the clue of normal atrial myocardium. Empirical anatomic ablation in the presumed areas of usual GP localization sites was also used as standalone or adjunctive strategy (Figure 1) . While atrial electrogram-based strategies require additional equipment, the others have low specificity to detect GPs. 34 In our recently published study, we used the electroanatomic mapping-guided CNA strategy and compared this technique our previous approach consisting of a special combination of high-frequency stimulation, spectral analysis, and additional anatomical ablation. 7 Twenty vasovagal syncope cases with recurrent syncope (aged 36.0 ± 12.8 years; 50.0% female) were enrolled in the study. Twelve of these patients underwent the electroanatomic mapping-guided CAN, while 8 patients underwent combined CNA. During three-dimensional electroanatomic mapping of both atria, bipolar endocardial electrograms were recorded and divided into three subgroups at a special filter setting (300-500 Hz): normal electrogram, low-amplitude fractionated electrogram (LAFE), and high-amplitude fractionated electrogram (HAFE) (Figure 1 ). The sites demonstrating HAFE or LAFE pattern in a region that is compatible with the probable location of the vagal ganglia, which were discussed in Figure 1 , were tagged as ablation targets. Almost complete elimination of atrial electrograms (<0.1 mV) in those sites was accepted as the ablation endpoint. In both groups, a similar improvement was detected in the heart rate variability parameters, demonstrating parasympathetic activity. There were no new syncopal episodes in any patients at the end of an at least sixmonth follow-up period. 7 Prodromal symptoms demonstrated a significant and comparable decrease after CNA.
Usage of cardioneuroablation in patients with functional atrioventricular block
The procedure was first attempted in a mixed population consisting of vasovagal syncope, sinus node dysfunction, and functional AVB. The diagnosis was intermittent high-degree AVB in a total of 7 of 22 cases. In three of the patients, the block was only detected during sleep. In other four cases, there were mild to moderate abnormalities of atrioventricular conduction such as prolonged AH interval and high atrioventricular Wenckebach point during pre-procedural electrophysiological study. However it should be indicated that exact values of those pre-procedural parameters did not presented in the study. The procedure was found effective in six of seven cases. In one case demonstrating partial response which was revealed by nocturnal Mobitz I AVB episodes during follow-up Holter recordings, the procedure was accomplished only via the right atrium contrary to the usual approach composing of ablation of all the regions demonstrating features of vagal innervation in the regions of GP, one between the aorta and the superior vena cava (treated through the superior vena cava), the second between the right pulmonary veins and the right atrium (treated through the left atrium), and the last in the right posterior interatrial septum near the inferior vena cava (treated through the inferior vena cava and through the coronary sinus). Insufficient ablation has been claimed by authors as the cause of failure.
Same group tried to technique in a case with recurrent syncope due to high-degree AVB during high-vagal tone periods such as at rest, after meals, and during sleep. 35 In baseline EPS, atrioventricular Wenckebach point was detected as 500 ms with normal His-Purkinje conduction which was totally corrected by atropine. Ablation was performed again only via the right atrium in the regions demonstrating segmented spectrum between the aorta and the superior vena cava (treated through the superior vena cava) and inside the coronary sinus ostium, and in the right posterior interatrial septum. At the end of the procedure, all the electrophysiological parameters studied were corrected. The patient was asymptomatic during the 21-month follow-up.
We performed the procedure in a 54-year-old woman who had undergone slow pathway ablation for atrioventricular nodal reentrant tachycardia 3 years ago and presented with recurrent dizziness and syncope due to 2:1 AVB. 21 Unlike previous cases, repeated Holter recordings and rest ECGs showed 2:1 AVB that was ongoing throughout the day. Complete resolution of atrioventricular conduction abnormality was demonstrated with atropine administration and treadmill exercise test which suggested functional nature of AVB. Pre-procedural EPS revealed a suprahisian 2:1 AVB. Right atrial sites showing a parasympathetic response with high-frequency stimulation and fibrillar atrial myocardium pattern were assigned as targets and ablated until amplitude of atrial electrical potential lowered below 0.1 mV. The ablation points were basically similar to those previously described by Pachon et al. 35 Atrioventricular conduction resolved completely and the patient was still asymptomatic with 1:1 atrioventricular conduction, while this article was written.
Rivarola et al. 36 reported a 38-year-old male patient presenting no previous clinical record and using no medication, with asymptomatic frequent nocturnal ventricular pauses of >3 s length, the longest being of 11 s. Normal sinus function and atrioventricular conduction were detected while awake, which was characteristic of a vagally mediated AVB. By using spectral mapping, sites demonstrating segmented spectrum in both sides of interatrial septum were targeted. AH interval and atrial Wenckebach point decreased from 115 ms to 74 ms and 820 ms to 570 ms, respectively. Holter recordings after 3, 6, 9, 12, and 15 months demonstrated partial vagal denervation with continuing sinus pauses during sleep. In that case, authors claimed that targeting selective vagal innervations is likely to promote a parasympathetic attenuation instead of a total vagal blockade, and this could be seen as a technique limitation. When we consider anatomical distribution of GPs, insufficient ablation seems as the most plausible cause of failure rather than a limitation of ablation technique in our opinion. As supporting data of our CS, the coronary sinus; HAFE, high-amplitude fractionated electrogram; IVC, the inferior vena cava; LAFE, low-amplitude fractionated electrogram; LIPV, the left inferior pulmonary vein; LL, left lateral view; LSPV, the left superior pulmonary vein; Normal, atrial electrogram demonstarting non-GP sites; PA, postero-anterior view; RIPV, the right inferior pulmonary vein; RSPV, the right superior pulmonary vein; SVC, the superior vena cava; VOM, the vein of Marshall.
argument, although authors detected a decrease on atrial Wenckebach point from 820 ms to 570 ms, the final value was still above the normal references, suggesting that a fair amount vagal effect on atrioventricular conduction continues. Also, the authors demonstrated that heart rate did not increase after atropine administration; however, it is unclear whether there was any change on atrial Wenckebach point with atropine.
In a recently published article, we investigated the effectiveness of CNA in the patients with not only intermittent (4 cases) but also with persistent AVB (3 cases). 6 In patients with paroxysmal AVB, AH interval and atrial Wenckebach point decreased from 149 ± 19 ms to 70 ± 7 ms and 471 ± 39 ms to 260 ± 12 ms, respectively. In the patients with persistent AVB, supra-His 2:1 atrioventricular conduction block, which was revealed in baseline EPS, was completely resolved in two of three cases with a mean of 81 ms of AH interval and 248 ms of atrial Wenckebach point after CNA. As an important point, the failed single case had some visible differences from the other six patients. First, this patient was the oldest patient in the study population. He was 69 years old. It should have been kept in mind that fibrosis and sclerosis of the conduction system account for about one-half of cases of AVB and advanced age is the most common cause of fibrosis. More importantly, the patient's response to pre-procedural atropine test was partial with first-degree AVB, unlike other persistent AVB cases demonstrating complete resolution. Therefore, as it is mentioned under the "Atropine usage to differentiate the type of atrioventricular block" section, a complete response to the atropine test should be used as an absolute criterion in all persistent AVB cases.
In a prospective non-randomized study, Rivarola et al. 37 investigated immediate end points and critical atrial regions responsible for vagal denervation. Primary diagnosis was paroxysmal AVB presenting with recurrence (⩾3 episodes) of syncope or poorly tolerated presyncope in 9 of 14 cases. Primary dysfunction of atrioventricular conduction system was excluded with conventional EPS. Specific atrium sites which were empirically identified as GP by presumed anatomic location were targeted in both left and right atria. Procedural endpoint was ablation of all prespecified anatomic sites. AH interval and atrial Wenckebach point decreased from 105 ± 41 ms to 72 ± 13 ms and from 454 ± 106 ms to 365 ± 37 ms, respectively. Again, although they revealed that heart rate did not increase after atropine administration, they did not check whether there is any change in AH interval or atrial Wenckebach point with atropine after the ablation procedure. As a response to the question of "what the study adds," they concluded that the interatrial septum is responsible for most of the parasympathetic tone modification because targeting a single spot on the left side (64% of the patients) or right side (36%) of the interatrial septum was observed to be responsible for ⩾80% of the final RR and AH interval shortening during ablation.
During a mean follow-up time of 22.5 ± 11.3 months, 10 of 14 cases demonstrated significant clinical improvement. However, 2 of 9 AVB cases demonstrated transient seconddegree AVB, exclusively at night, during follow-up Holter recordings. The remaining 4 AVB cases, although presenting RR interval, WC length, and AH interval shortening similar to the rest of the cohort, had syncope recurrence or symptomatic bradycardia and underwent pacemaker implantation. Although the authors concluded that the interatrial septum is a critical area and responsible for most of the parasympathetic tone modification observed after GP ablation, it is well known that there is significant variation in the number and distribution of GP based on postmortem studies. 38 Therefore, non-selective ablation may cause insufficient vagal denervation and may explain higher recurrence rate in the long term.
Our electroanatomic mapping-guided technique was used successfully in a case with symptomatic functional second-degree AVB and recurrent syncope. 39 During left atrial ablation, the intrinsic basic cycle length of sinus node accelerated to 800 milliseconds despite AVB persistence. Subsequently, 1:1 atrioventricular conduction was achieved when ablation was applied around the coronary sinus ostium. The patient was completely asymptomatic, experiencing no episodes of dizziness or syncope and was taking no medications at the end of the 9-month follow-up. Whether cardiac innervation be sufficiently lateralized for selective vagal denervation is a critical question. In our case, although we performed biatrial ablation, improvement of AVB appeared during radiofrequency application around the coronary sinus. It may be further evidence of our earlier hypothesis that ablation in different parts of the atria may cause different effects on the sinus node or atrioventricular conduction system. 6 The ablation of GPs around the coronary sinus and septal side of the superior vena cava is responsible for most of the parasympathetic tone modification of atrioventricular node and a right atrial approach might suffice in patients with AVB.
The points to be considered related to cardioneuroablation
To date, there are no clinical studies consisting only of cases with AVB. Distinction of whether an AVB is vagally mediated functional, idiopathic extrinsic, or intrinsic is crucial for the determination of suitable candidates for CNA. Once diagnosis of vagally mediated functional AVB is confirmed in a patient with recurrent syncopal episodes or significant complaints related with bradycardia, the patient should be accepted as a potential candidate for CNA whether it is intermittent or persistent. In patients with paroxysmal AVB, the following parameters can be used to differentiate the vagally mediated form from the other: no AVB or intraventricular conduction disease on baseline ECG, PR prolongation and decrease in sinus rate just before AVB, and resolving of AVB with an increase in sinus rate. 40 In patients with persistent AVB, complete resolution of AVB with both atropine infusion and exercise test may be suggested to exclude functional AVB on the basis of our study results. 6 The patients with structural cardiopathy were excluded in all studies. Therefore, it should be accepted as an exclusion criterion. Although clear data are not available, acceptance of exclusion criterion of age of >60 years seems reasonable considering age and fibrosis in the conduction system relationship.
Although the technique is still in its infancy, CNA may markedly improve health and quality of life and might be a potential alternative modality in patients with pronounced symptoms due to functional AVB when conventional modalities are inadequate or pacemaker implantation is declined. Although there is no reported major complication, which is defined as such an event that results in permanent injury or death, requires intervention for treatment, or prolongs or requires hospitalization for >48 h, CNA is a complex procedure linked to potentially life-threatening complications. Possible complications related to transseptal puncture or left atrial ablation may be overcome by unifocal right-sided ablation. Minor complications such as pseudoaneurysm or groin hematoma related to vascular intervention were reported regardless of the side of ablation. 41, 42 Also inappropriate sinus tachycardia was reported in up to 23% of cases, which were treated temporarily (1-3 months) with beta-blockers or ivabradine. 7, 41 However, the procedure carries some risk of serious complications as septal puncture. It should be kept in mind that only patients demonstrating all the features of functional AVB might be a candidate for this new modality. Also, the patients who are suitable candidates for treatment receive comprehensive and objective information concerning the risks and the expected benefits of the method.
Conclusion
Ablation of GPs may be a feasible and valuable adjunctive therapy in patients with functional AVB. Instead of complex spectral analysis or high-frequency stimulation application, analysis of electrogram characteristics in terms of the presence of fractionated patterns may be used to define parasympathetic innervation sites. Further larger and randomized controlled studies with a sham procedure are required to demonstrate the efficiency and reliability of CNA.
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